To identify axonal proteins which are unique constituents of neurons, the spectrum of detectable proteins of degenerating nerves has been compared with that of intact control nerves from the same animals. Wallerian degeneration was induced in rabbits by unilateral transection of the optic and sciatic nerves. Proteins of nerve homogenates were compared by sodium dodecyl sulfate-gel electrophoresis and by two-dimensional electrophoresis. Four non-myelin proteins disappear from degenerating nerve. These include the three neurofilament proteins (P68, P150, and P200) and a polypeptide with a molecular weight of about 65,000 daltons (P65) which is not associated wit4 filaments.
The phenomenon of Wallerian degeneration (Waller, 1850; Joseph, 1973) can serve as an experimental tool for the study of neuron-specific proteins of the nerve. In this process, the parts of the axons distal to a lesion undergo a progressive degeneration during which the axons, followed by the associated myelin, are broken down. When the axon degenerates, axon-specific proteins should disappear, while proteins of such non-neuronal elements as fibrous astrocytes should actually increase as the glial cells proliferate in the degenerating nerve. Several investigators have used experimentally induced Wallerian degeneration in an attempt to identify neuron-specific proteins. Although Dahl and Bignami (1975) reported no difference between degenerated and control rat optic nerves except for myelin proteins, their figures indicated a loss of high molecular weight protein in the course of degeneration. In a preliminary communication (Soifer et al., 1978) , we reported several changes in the more prominent proteins of rabbit optic nerve following removal of one eye. These included a loss of the triplet of proteins associated with neurofilaments (Hoffman and Lasek, 1975 ) and a small decrease in the broad band of material that migrates on sodium dodecyl sulfate (SDS)-polyacrylamide gels with an apparent molecular weight of about 50,000 daltons. In sciatic nerve, which lacks a prominent 50,000-dalton protein (Schlaepfer et al., 1979 ' To whom correspondence should be addressed. , Schlaepfer and Micko (1978) found evidence for a loss of the neurofilament proteins in parallel with the degeneration of the axons. A serious problem, relating to the resolution of the gel electrophoresis methods employed, results from the presence of more than one protein with a given electrophoretic mobility. Thus, a decrease in the amount of a given protein band might reflect the disappearance of one of the population of co-migrating proteins. Alternatively, changes in the relative amounts of co-migrating proteins might be masked. With the development of the methods for two-dimensional analysis using isoelectric focusing in the first dimension (O'Farrell, 1975; Scheele, 1975) , proteins of similar size could be separated. Since several of the proteins found in nerve have been characterized by twodimensional analysis , it might be possible to identify some of the neuron-specific proteins which disappear during the course of degeneration. Furthermore, we could determine whether the small decrease in P50 reflected the disappearance of one of the several proteins with apparent molecular weights of about 50,000 daltons.
Materials and Methods
Experimental procedures. New Zealand white rabbits were obtained from New Springville Labs and Penn Dutch Lab Animals and maintained on standard laboratory diet. Anesthesia was initiated with sodium pentobarbital (Nembutal, 75 mg in 1.5 ml, i.v.) and maintained with ether for the duration of the surgical procedures. One or two drops of 0.5% tetracaine hydrochloride were applied to one eye to produce surface anesthesia a few minutes prior to enucleation.
The optic nerve was sectioned as close to the eyeball as possible and the eye Vol. 1, No. 5, May 1981 was removed. One sciatic nerve was sectioned above the sciatic notch and the proximal end was sutured away from the distal end to ensure that no regenerating nerves 'made contact with the degenerating distal nerve. In each animal, the right nerves were sectioned. The uncut nerves served as controls.
After the appropriate times, the animals were killed by cervical section and both optic nerves, from orbit to chiasm, and the tibial branches of both sciatic nerves were removed quickly. A small piece of each was taken for electron microscopy. In the case of sectioned optic nerve, the sample was from the region anterior to the optic chiasm to monitor degeneration through the length of the nerve. The remaining nerve was homogenized in a small (l-ml) Kontes Duall tissue grinder at a concentration of 100 mg (wet weight of tissue)/ml of electrophoresis sample buffer (Laemmli, 1970) . For experiments using two-dimensional gels, the nerves were homogenized in the "lysis buffer" of O'Farrell (1975) , consisting of 9.5 M urea, 2% Nonidet P-40, 5% P-mercaptoethanol, but without Ampholines. Homogenates were either analyzed immediately or frozen at -80°C until they could be analyzed. Similar results were obtained with both fresh and frozen material.
Electrophoresis. For analysis on SDS-polyacrylamide gels, samples were diluted in 1% SDS, 10 mM dithiothreitol (DTT), 20 mM Tris-HCl, pH 6.8 (Laemmli, 1970) , heated at 100°C for 5 min, and applied to the gels. For two-dimensional analysis, samples were applied to isoelectric focusing gels prepared according to O'Farrell (1975) . Since the neurofilament proteins focus between pH 4.5 and pH 6.5, the pH gradient was formed in this range. Ampholines (Bio-Rad) were added to the homogenates when they were diluted, prior to application to the isoelectric focusing gels. For analysis in the second dimension, as well as for one-dimensional analysis, 0.75-mm-thick slab gels were formed with a gradient of 5% to 20% acrylamide. The buffer conditions were those of Laemmli (1970) . Gels were stained with Coomassie blue R-250 and destained in 10% acetic acid and 20% methanol.
Electron microscopy. Small samples of degenerating and control nerves were fixed by immersion in glutaraldehyde/paraformaldehyde.
The pieces of nerve, embedded in Spurr's water-soluble resin (1969), were oriented in order to allow transverse sectioning of the nerves. Sections were stained with uranyl acetate and lead citrate (Reynolds, 1963) and were examined and photographed in a Philips EM300 electron microscope, operating at 80 kV and fitted with a 25-pm objective aperture.
Results
Degeneration of optic nerve. The process of Wallerian degeneration has been documented extensively in various parts of the nervous systems of many different vertebrate species. In the sciatic nerve, the destruction of axonal cytoplasm extends over the length of the distal part of the nerve within a matter of a few days (see, for example, Donat and Wisniewski, 1973) . Wallerian degeneration is a much slower process in the optic nerves (Ramon y Cajal, 1928; McCaman and Robins, 1959a, b; Perez et al., 1970; Cook and Wisniewski, 1973) . Although we could be confident, on the basis of published studies, that 1 or 2 weeks after sciatic nerve section, virtually all of the axons had degenerated distal to the cut, it was necessary to ascertain that this was true for the optic nerve.
The typical organization of intact optic nerve is seen in Figure 1 . The nerve is formed of myelinated axons surrounded by processes of glial cells including many fibrous astrocytes containing glial filaments. The axial cytoskeletal elements of the axons-microtubules and neurofilaments-are common features of these axons (Fig. lb) ; microtubules are also axial components of some glial processes (Fig. lb) . Two weeks after nerve section, nearly all axons are disrupted extensively. The axoplasm is condensed and axonal cytoskeletal structures are rarely observed (Fig. 2) . Although there are extensive ramifying processes of fibrous astrocytes extending between and around bundles of axons in the control nerves (Fig. l) , these are an even more prominent feature of the degenerating nerves (Figs. 2 and 3 ). Large bundles of filaments abound in cytoplasmic processes which surround nearly every degenerating axon.
The sciatic nerve degenerates much more quickly. Fine structure changes in sciatic degeneration have been described by many investigators (see, for example, Donat and Wisniewski, 1973) . Morphological examination of each sciatic nerve used in this study confirmed advanced Wallerian degeneration of the sectioned nerves and essentially no detectable axoplasmic structures in these nerves.
Protein changes in optic nerve. In preliminary studies, we focused on the optic nerve with results that were consistent with those reported by Schlaepfer and Micko for rat sciatic nerve (Schlaepfer and Micko, 1978) . One week after enucleation, there was little detectable change in the distribution of protein as visualized on one-dimensional gels. After 2 weeks, the most prominent change was the diminution of three bands at positions corresponding to molecular weights of 68,000 (P68), 150,000 (P150), and 200,000 (P200) daltons, the triplet proteins of neurofilaments.
In Figure 4 , the SDS-gel patterns of three pairs of nerves are compared. These are 1, 2, and 4 weeks after enucleation. In each case, the sectioned nerve is compared to the intact nerve from the same animal. One week after nerve section, there was a reduction in P200, whereas the other triplet proteins were barely affected. Two and 4 weeks after nerve section, P200 and P150 were undetectable and P68 was reduced markedly.3 Even on heavily overloaded gels (Fig. 5 , tracks 5 to 8), the triplet polypeptides appeared to be the only bands clearly reduced after nerve section. There was some reduction in bands at low molecular weights; these are probably myelin proteins. Densitometric scanning of the one-dimensional gels confirmed the diminution of the neurofilament proteins (Fig. 6 ). There was some suggestion that the 50,000-dalton protein is also reduced. On two-dimensional gels, the proteins are resolved into a doublet at about 60,000 daltons (P60) and spots at many spots. For example, on a gel from a control optic 68,000 and 150,000 daltons. A faint smear is resolved at nerve, the material migrating with an apparent molecular 200,000 daltons. A comparison of these proteins with weight of 50,000 daltons (P50) includes as many as 10 isolated central nervous system (CNS) lo-nm filaments spots (Fig. 7~) . Other prominent groups of spots include (prepared according to shows that the 68,000-, 150,000-, and 200,000-dalton spots migrate to the same position as do the neurofilament triplet proteins, P68, P150, and P200 (Fig. 7b) . Many other proteins are detectable on the two-dimensional gels of optic nerve, including a peptide which focuses at a pH of about 6 and has a molecular weight of about 65,000 daltons (P65) (Fig. 7a) . Eighteen days after nerve section, four proteins were absent from the sectioned optic nerves (Fig. 8) . These included the neurofilament proteins and P65. The P200 protein is quite labile (Liem et al., 1978; and was often difficult to detect in filament preparations and in control tissue. There was no evidence for a loss of any of the 50,000-dalton polypeptides from the degenerating nerves.
Similar protein changes were seen when sectioned and control optic nerves were compared 4 weeks after nerve section (Fig. 9) . In this figure, 50 ~1 of nerve homogenate were applied to the isoelectric focusing gels. With this large amount of protein, 2% times that applied to the gels in Figure 8 , there is distortion of some of the P50 spots, but resolution of multiple forms of P150 is now possible (see . It is evident from this analysis that the neurofilament proteins and P65 are missing from the degenerated nerve. On two-dimensional gels, this protein is separated from most of the other proteins of interest (Fig. 10) . Comparison with the twodimensional gel pattern of rabbit serum (Fig. 10~) shows that the 68,000-dalton major protein of sciatic nerve and rabbit serum albumin migrate to the same positions and are probably the same protein. The focusing of the serum albumin-like protein at a pH > 6 clearly separates this protein from the P68 of sciatic neurofilaments (Fig. 10a) . On two-dimensional gels of degenerated sciatic nerve, the three neurofilament proteins and the P65 protein are the only spots absent. The P60 protein appears as a less significant component of sciatic nerve than of optic nerve only because the albumin is such a prominent constituent of the sciatic nerve protein. Two-dimensional analyses of pairs of sciatic nerves-one degenerated, the other control-demonstrate that the same four proteins (P65, P68, P150, and P200) that disappear in degenerating optic nerve also disappear in degenerating sciatic nerve. The sciatic nerve lacks P50 but includes prominent spots which appear to co-migrate with actins. These actin-like spots are not affected by degeneration.
Protein changes in sciatic nerve. SDS-gel analysis of

Discussion
Wallerian degeneration of optic nerve occurs more slowly than Wallerian degeneration of sciatic nerve, but the sequence of events differs little. In both nerves, the 14.1 .
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proteins were run in the second dimension. Their molecular weights are indicated on the left. In a, the positions axons are the site of the first signs of degeneration. The axonal cytoplasm undergoes a series of changes during which the axial cytoskeletal structures break down. The neurofilaments and microtubules are replaced by floccular material which eventually forms a mass of amorphous electron-opaque material in place of the axoplasm (see also Donat and Wisniewski, 1973; Schlaepfer and Micko, 1978) . The myelin degenerates more slowly than the axoplasm, but, at the times that we have used in these experiments, the major myelin proteins do appear to be reduced.
Both optic nerve and sciatic nerve were included in these studies to resolve the problem of whether there is a major axon-specific protein with a molecular weight of about 50,000 daltons. Most of the complex of 50,000-dalton proteins of nerve is presumed to originate from fibrous astrocytes which are lacking in sciatic nerve. As has been shown recently (Schlaepfer et al., 19791 , homogenates of human and bovine sciatic nerve lack a major 50,000-dalton band on SDS-gels. If there are detectable amounts of neuron-specific protein with this molecular weight, the 50,000-dalton protein should be seen on two-dimensional gels of sciatic nerve as well as optic nerve and should disappear when the axons degenerate. No such protein has been detected. In fact, only four constituent polypeptides of both nerves are absent from two-dimensional electropherograms of degenerating nerves. Three of these correspond to the neurofilament proteins, while the fourth, which has not been identified yet, has an apparent molecular weight of about 65,000 daltons and is termed P65. There were some apparent variations in other proteins, but these were not consistent from one preparation to another. The Coomassie blue staining of protein spots on these thin (0.75mm) slab gels will only detect proteins present in amounts greater than about 0.2 pg/spot. There are undoubtedly enzymes and regulatory proteins which are neuron-specific but are present in amounts too small to be detected by this procedure. If they could be detected by immunochemical means, this sort of analysis could be extended to include them. However, for such detection to be possible, each protein must be identified first. In the case of the major protein constituents of the nerve, prior identification is not necessary. The spectrum of demonstrable polypeptides is examined and analyzed to determine experimentally induced alterations in those proteins which are present in sufficient quantity to bind measurable amounts of Coomassie blue.
The four proteins that disappear in parallel with axonal degeneration include three (P200, P150, and P68) which have the same distribution on two-dimensional gels as do the triplet proteins of neurofilaments . They are identified as the neurofdament proteins not only on this basis but also because their disappearance from the gels parallels the morphologic changes, the disappearance of the filaments Figure 9 . Two-dimensional gel analysis of control (a) and degenerating (b) optic nerves 4 weeks after enucleation. Fifty microliters of nerve homogenate were applied to the isoelectric focusing gel. The gels are marked as in Figure 7 . from the degenerating neurons (see also Schlaepfer and Micko, 1978) . The P65 is not a component of filament preparations and should prove to be another useful neuronspecific probe.
In experiments in which one-dimensional SDS slab gels were used to compare degenerating optic nerves with controls, a small decrease in the amount of P50 was found in the degenerating nerves. Analysis on two-dimensional gels demonstrated that this decrease in P50 was not due to the loss of one of the many polypeptides with molecular weights near 50,000 daltons. If there was a partial loss of several isomorphic polypeptides from the P50 region, the decrease would not be detectable by this approach unless it was very large. What is demonstrated here is that none of the 50,000-dalton polypeptides which focus in the range of the pH gradient and which include isomorphs of glial fibrillary acidic protein (L. F. Eng, personal communication) disappear from the optic nerve when the axons degenerate. Two-dimensional gel analyses using pH gradients of broader range (4 to 8.5) did not show any additional neuron-specific proteins. The narrow pH range was used for most experiments because of SA C Figure 10 . Two-dimensional gel analysis of control (a) and degenerating (b) sciatic nerves 18 days after section. A marks the locus of the actin-like spots. Gel c is a two-dimensional gel of rabbit serum. The bands on the left are molecular weight standards as in Figure 7 . Arrows at the tops of each gel mark the origin. The gels are marked as in Figure 7 . SA, serum albumin. the high resolution resulting from spreading the proteins of interest across the gel.
Not only axonal proteins but also myelin proteins break down as the nerve degenerates. As is evident from the material in Figure 3 , considerable myelin remains in optic nerve even 4 weeks after nerve section, although myelin proteins are reduced. The myelin basic proteins are not demonstrable in the two-dimensional gel system because their p1 is more basic than the alkaline limit of the pH gradient.
The demonstration of the loss of four neuron-specific proteins from degenerating nerve suggests a useful assay to detect axonal damage in degenerative diseases. Not only are human neurofilaments formed of a triplet of polypeptides similar to those of rabbits (Davison and Jones, 1980) but they have a similar distribution of polypeptides on two-dimensional gels (H. Czosnek and D. Soifer, unpublished observation 
